Background: Carbohydrate quality may be an important determinant of type 2 diabetes (T2D); however, relations between various carbohydrate quality metrics and T2D risk have not been systematically investigated. Objective: The purpose of this study was to prospectively examine the association between carbohydrates, starch, fibers, and different combinations of these nutrients and risk of T2D in women. Design: We prospectively followed 70,025 women free of cardiovascular disease, cancer, and diabetes at baseline from the Nurses' Health Study . Diet information was collected with the use of a validated questionnaire every 4 y. Cox regression was used to evaluate associations with incident T2D. Results: During 1,484,213 person-years of follow-up, we ascertained 6934 incident T2D cases. In multivariable analyses, when extreme quintiles were compared, higher carbohydrate intake was not associated with T2D (RR = 0.98; 95% CI: 0.89, 1.08; P-trend = 0.84), whereas starch was associated with a higher risk (RR = 1.23; 95% CI: 1.12, 1.35; P-trend ,0.0001). Total fiber (RR = 0.80; 95% CI: 0.72, 0.89; P-trend , 0.0001), cereal fiber (RR = 0.71, 95% CI: 0.65, 0.78; P-trend , 0.0001), and fruit fiber (RR = 0.79; 95% CI: 0.72, 0.85; P-trend , 0.0001) were associated with a lower T2D risk. The ratio of carbohydrate to total fiber intake was marginally associated with a higher risk of T2D (RR = 1.09; 95% CI: 1.00, 1.20; P-trend = 0.04). On the other hand, we found positive associations between the ratios of carbohydrate to cereal fiber (RR = 1.28; 95% CI: 1.17, 1.39; P-trend , 0.0001), starch to total fiber (RR = 1.12; 95% CI: 1.02, 1.23; P-trend = 0.03), and starch to cereal fiber (RR = 1.39; 95% CI: 1.27, 1.53; P-trend , 0.0001) and T2D. Conclusions: Diets with high starch, low fiber, and a high starchto-cereal fiber ratio were associated with a higher risk of T2D. The starch-to-cereal fiber ratio of the diet may be a novel metric for assessing carbohydrate quality in relation to T2D.
INTRODUCTION
An estimated 366 million people in the world suffered from type 2 diabetes (T2D) 8 in 2011, and by the year 2030 that number is estimated to rise to 552 million (1) . In the United States, as of 2011, an estimated 23.7 million people had T2D, and by 2030 this number is estimated to rise to 29.6 million (1) . It has been established that poor carbohydrate quality is a significant risk factor of T2D (2, 3) . Meta-analyses of observational studies have shown that glycemic index (GI), a carbohydrate quality metric, is positively associated with the risk of T2D (4), whereas other carbohydrate quality metrics, such as whole grains and fiber-specifically total and cereal fiber-have consistently been inversely associated with T2D (5, 6) . However, most studies found no association between fruit and vegetable fiber intake and risk of T2D (6) . Mixed results have been reported for the association between total carbohydrate intake and T2D, with most demonstrating no association (7) (8) (9) (10) (11) (12) and one showing a positive association (13) . Likewise, some studies do show that starch is associated with an increased risk of T2D (11, 13) , whereas others have found no association (7, 9, 12, 14) .
The American Heart Association recommends choosing foods with a carbohydrate-to-fiber ratio of no more than 10:1 (15) . This criterion identified more healthful whole grain products than did other carbohydrate selection criteria, such as the whole grains stamp and whole grains listed as the first ingredient (16) . Other variations of this ratio include ratios of carbohydrate to cereal fiber, starch to total fiber, and starch to cereal fiber. Although these ratios have been recommended to assess the quality of individual foods, their potential use in determining risk of diseases such as T2D has not been explored. These ratios can differentiate between different carbohydrate quality diets, in which diets rich in refined carbohydrates and sugar-sweetened beverages could have a high carbohydrate-to-fiber ratio, whereas diets rich in whole grains could have a low ratio. Therefore, the objectives of this study were to examine the association between 1) carbohydrates, starch, and total, cereal, fruit, and vegetable fiber consumption and the risk of T2D; 2) carbohydrate-and starch-tofiber ratios as a measure of carbohydrate quality and the risk of T2D; and 3) the joint effects of carbohydrate and total fiber, carbohydrate and cereal fiber, starch and total fiber, and starch and cereal fiber on the risk of T2D in a large cohort of US women.
METHODS

Study population
The Nurses' Health Study (NHS) was initiated in 1976 as a prospective cohort study in which 121,701 female registered nurses between the ages of 30 and 55 y were recruited from 11 US states. Every 2 y, nurses updated their information on medical history, lifestyle, and incidence of chronic diseases with the use of validated questionnaires. Follow-up rates are kept at a 90% minimum and mortality follow-up is more than 98%.
For the current investigation, we excluded participants with a baseline history of diabetes, cardiovascular disease, or cancer because these diagnoses may result in changes in diet (17) . We also excluded women who left 10 or more items blank on the food-frequency questionnaire (FFQ) or who had an implausible energy intake (,500 or .3500 kcal/d). The final analyses include 70,025 women with complete information. The study was approved by the Human Research Committee of Brigham and Women's Hospital in Boston.
Assessment of diet
In 1984, diet was assessed with the use of a 116-item semiquantitative FFQ. In 1986, the FFQ was expanded to 133 items and was mailed to subjects every 4 y to update diet information.
Participants were asked how often on average ("never" to "6 or more times per day") they consumed a specified common portion size or serving size of specific foods. The validity and reproducibility of the FFQ in measuring food intake has been demonstrated previously (18) (19) (20) (21) . In a previous validation study in a subsample of 173 nurses in the Boston area, FFQ assessment of total carbohydrate and total fiber were moderately correlated with the average of four 1-wk diet records (total carbohydrate, r = 0.64; total fiber, r = 0.56) (18, 22) . Carbohydraterich food items had similar correlation coefficients (cold breakfast cereal, r = 0.79; white bread, r = 0.71; dark bread, r = 0.77; pasta/rice, r = 0.35; and potatoes, r = 0.66) (19) .
The main exposure variables are carbohydrates, starch, total fiber, cereal fiber, fruit fiber, vegetable fiber, and ratios of carbohydrate to total fiber, carbohydrate to cereal fiber, starch to total fiber, and starch to cereal fiber. Nutrient intake was calculated by multiplying the frequency of consumption by the nutrient content of the specified portion sizes of each food. Then, the nutrient content of all food items in a participant's diet was summed up to estimate the individual nutrient intake. The nutrient contents were determined with the use of the USDA food composition tables and complemented with information from manufacturers (23) . All dietary variables were adjusted for total energy intake to control for confounding and remove extraneous variation from differences in body size, metabolic efficiency, and physical activity (24) .
Assessment of T2D
Our primary outcome of interest was incident T2D assessed by self-report in the biennial questionnaires sent between 1984 and 2008. On each questionnaire sent out to the participants, from baseline and every 2 y after that, participants were asked if and when they were ever diagnosed with diabetes, either type 1 or 2. Participants who reported a diagnosis of diabetes were mailed a supplementary questionnaire that asked about symptoms, diagnostic tests, and hypoglycemic therapy. The National Diabetes Data Group criteria were used to define cases that were diagnosed before 1998 (25) . To confirm that a subject is diagnosed with diabetes, as per the guidelines of the National Diabetes Data Group, the subject must report at least one of the following criteria on the supplementary questionnaire: 1) one or more classic symptoms (excessive thirst, polyuria, weight loss, hunger, pruritus, or coma) plus fasting plasma glucose $7.8 mmol/L or random plasma glucose $11.1 mmol/L; or 2) $2 elevated plasma glucose concentrations on different occasions (fasting plasma glucose 7.8 mmol/L and/or random plasma glucose $11.1 mmol/L and/or plasma glucose $11.1 mmol/L at 2 h on oral glucose tolerance testing) in the absence of symptoms; or 3) treatment with hypoglycemic medication (insulin or oral hypoglycemic agent). From 1998, the criteria of the American Diabetic Association were used to define cases, in which a fasting plasma glucose $7 mmol/L was the threshold for diagnosing diabetes instead of 7.8 mmol/L (26) . The supplementary questionnaire used has been validated in 2 studies in which a substudy of the NHS showed that 98% of self-reported cases in the supplementary questionnaires were confirmed by reviews of medical records (27, 28) .
Assessment of covariates
Participants were sent questionnaires biennially, in which they provided updated information on their age, weight, menopausal status, postmenopausal hormone use, smoking status, multivitamin use, and disease status, including hypertension and hypercholesterolemia. Height was reported in the 1976 questionnaire when the NHS was initiated. Family history of diabetes in first-degree relatives was reported in 1982 and 1988. Physical activity was assessed as metabolic equivalent task (MET) hours per week. Correlations between the physical activity reported on the questionnaires and that reported on recalls and diaries in 2 validation studies were high (0.79 and 0.62) in the NHS II (29) .
Statistical analysis
Person-time for each subject was calculated from the date of return of the 1984 questionnaire, baseline, to the date of diagnosis of T2D, loss to follow-up, death, or the end of follow-up (1 June 1 2008), whichever was earliest. Pearson correlation coefficients were used to evaluate associations between carbohydrates, starch, total fiber, cereal fiber, ratio of starch to total fiber, ratio of starch to cereal fiber, GI, and glycemic load (GL) intake in the study population at baseline. Timevarying Cox proportional hazards regression was used to estimate RR of T2D by quintiles of energy-adjusted intake of exposure variables, stratified by 5-y age categories. A test for linear trend was conducted Hypercholesterolemia with the use of quintiles of the dietary exposure variable as a continuous variable by assigning the median values of the quintiles to the variable.
We used cumulative averages of all available dietary data to reduce within-person variation and to best represent long-term diet (17) . However, we stopped updating dietary exposures of participants that developed disease outcomes such as cancer, heart disease, and stroke at the beginning of each 2-y follow-up cycle. This was done to eliminate the potential confounding of the dietdisease association from change in diet due to the diagnosis of these diseases (17) . To reduce the influence of outliers, participants were grouped into quintiles of energy-adjusted dietary exposure variables, with the lowest quintile being the reference group.
We adjusted for several confounders in our Cox models. Model 1 was age-adjusted. In model 2, we further adjusted for various lifestyle covariates and diabetes risk factors, including BMI (in kg/m 2 ; ,21, 21-,23, 23-,25, 25-,27, 27-,30, 30-,33, 33-,35, 35-,40, and $40), race (Caucasian, African American, Native American, Asian, or Hawaiian), total energy intake (kcal/d, in quintiles), smoking status (never, past, current 1-15, current 16-25, or current $26 cigarettes/d), alcohol consumption (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, or $15 g/d), physical activity (,3, 3-, 9, 9-, 18, 18-, 27, or $27 MET-h/wk), postmenopausal hormone use (premenopause, postmenopausal never user, postmenopausal current user, or postmenopausal past user), family history of diabetes (yes or no), and multivitamin use (yes or no). In model 3, we further adjusted for dietary covariates such as red meat (servings/d), coffee (cups/d), ratio of polyunsaturated fat to saturated fat, trans fat (percentage of total energy), sugarsweetened beverage intake (cups/d), fruits and vegetables (servings/d), and magnesium (mg/d), and they were all assessed in quintiles. Nondietary variables are updated every 2 y, whereas dietary variables are updated every 4 y, starting in 1984.
We tested for potential effect modification of the association between the 4 ratios and risk of T2D by age (,60 and $60 y) and physical activity (,10 MET-h/wk and $10 MET-h/wk) by including a crossproduct term in our fully adjusted models (Wald test, 1 df). We also performed an a priori-determined stratified analysis of starch and starch-to-cereal fiber intake on the risk of T2D by age (,60 and $60 y), BMI (,28 and $28), family history of diabetes (yes or no) and physical activity (,10 METh/wk and $10 MET-h/wk). We also tested for the joint effects of carbohydrate and total fiber, carbohydrate and cereal fiber, starch and total fiber, and starch and cereal fiber intake on risk of T2D. In sensitivity analyses, we repeated our main analysis after diet was continuously updated throughout follow-up, even after participants developed outcomes such as cardiovascular disease and cancer. We tested for potential nonlinearity in the association between starch and starch-to-cereal fiber intake and risk of T2D by using restricted cubic splines with 5 knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles of exposure (30) , in which we gave all values ,quartile 1 2 3 3 IQR the value of quartile 1 2 3 3 IQR and all values .quartile 3 + 3 3 IQR the value of quartile 3 + 3 3 IQR. All statistical tests were 2-sided and a P value , 0.05 was considered statistically significant. SAS version 9.3 for UNIX was used for all statistical analysis.
RESULTS
During 24 y of follow-up , 6934 of the 70,025 participants were diagnosed with T2D. The age-adjusted baseline characteristics of the study participants according to their carbohydrate, starch, total, and cereal fiber intake are presented in Table  1 . Women who had a diet higher in carbohydrates and starch were, on average, less likely to be current smokers and hypertensive at baseline and had higher GI, GL, and total fiber and cereal fiber intake and lower red meat and coffee intake. Women who had a diet higher in total and cereal fiber were, on average, more physically active, more likely to use multivitamin supplements, less likely to be current smokers, and less likely to be hypertensive at baseline; had a lower intake of sugar-sweetened beverages, red meat, and coffee; and had a higher intake of fruits and vegetables, carbohydrates, starch, and magnesium.
Carbohydrates, starch, total fiber, cereal fiber, starch-tototal fiber ratio, starch-to-cereal fiber ratio, GI, and GL intake at baseline were all significantly correlated with each other ( Supplemental Table 1) , with correlation coefficients (r) ranging from 20.66 to 0.94. The weakest correlation was between the starch-to-total fiber ratio and cereal fiber (r = 20.03), whereas the strongest correlation was between carbohydrates and GL (r = 0.94). The correlation between starch-tototal fiber ratio and carbohydrates and starch was 20.05 and 0.58, respectively, whereas the association between the starch-to-cereal fiber ratio and carbohydrates and starch was 20.18 and 20.06, respectively. 1 RRs and 95% CIs were calculated with the use of the Cox proportional hazards regression model. Model 1 was ageadjusted. Model 2 was adjusted for age, BMI, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, multivitamin use, race, and total energy intake. Model 3 additionally was adjusted for red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat (dietary variables all in quintiles). Model for starch additionally was adjusted for cereal fiber, sugar-sweetened beverages, and fruit and vegetables. Model for total fiber additionally was adjusted for glycemic load. Models for cereal, fruit, and vegetable fibers additionally were adjusted for glycemic load and the other 2 subtypes of fiber. Ref, reference; T2D, type 2 diabetes. 2 Test for trend based on variable containing median value for each quintile.
The association between carbohydrate, starch, and total, cereal, and fruit and vegetable fiber and risk of T2D is presented in Table 2 . Higher carbohydrate intake was associated with a significantly lower risk of T2D when adjusting for age (RR = 0.77; 95% CI: 0.71, 0.83; P-trend , 0.0001) and after further adjustment for BMI, race, total energy, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, and multivitamin use (RR = 0.89; 95% CI: 0.82, 0.97; P-trend = 0.007) in the highest quintile of intake compared with the lowest. However, further adjusting for dietary variables (red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat) attenuated this association (RR = 0.98; 95% CI: 0.89, 1.08; P-trend = 0.84). On the other hand, starch was not significantly associated with T2D in the age-adjusted model or in the age and lifestyle-adjusted models but was positively associated with T2D after further adjustment of dietary factors (RR for highest quintile relative to lowest: 1.23; 95% CI: 1.12, 1.35; P-trend , 0.0001).
We observed a significant inverse association between total, cereal, and fruit fiber and the risk of T2D. This association was significant between each of these fiber variables and the risk of T2D in the age-adjusted model and the age and lifestyle-adjusted model, and after further adjustment for dietary factors, although the effect was slightly attenuated after further adjustment for lifestyle and dietary factors. The age, lifestyle, and dietary factoradjusted RRs of T2D for the highest quintile of intake compared with the lowest were 0.80 (95% CI: 0.72, 0.89; P-trend , 0.0001) for total fiber, 0.71 (95% CI: 0.65, 0.78; P-trend , 0.0001) for cereal fiber, and 0.80 (95% CI: 0.73, 0.88; P-trend , 0.0001) for fruit fiber. Vegetable fiber was not associated with the risk of T2D in the age-adjusted model, but after further adjustment for potential confounders, there was a marginally significant positive association in which the RR of T2D for the highest quintiles of intake compared with the lowest was 1.09 (95% CI: 1.00, 1.19; P-trend = 0.02).
The ratios of carbohydrate to total fiber and carbohydrate to cereal fiber were both positively associated with the risk of T2D ( Table 3 ). The age-adjusted RRs of T2D of the highest quintile of intake compared with the lowest were 1.32 (95% CI: 1.23, 1.43; P-trend , 0.0001) for carbohydrate to total fiber and 1.68 (95% CI: 1.55, 1.82; P-trend , 0.0001) for the carbohydrate-to-cereal fiber ratio. However, the RRs were attenuated after further adjustment for lifestyle and dietary factors, in which the highest quintile of the ratio compared with the lowest had an RR of 1.09 (95% CI: 1.00, 1.20; P-trend = 0.04) for carbohydrate to total fiber, and 1.28 (95% CI: 1.17, 1.39; P-trend , 0.0001) for carbohydrate to cereal fiber. 1 RRs and 95% CIs were calculated with the use of the Cox proportional hazards regression model. Model 1 was ageadjusted. Model 2 was adjusted for age, BMI, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, multivitamin use, race, and total energy intake. Model 3 was adjusted additionally for red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat. The starch:total fiber model additionally was adjusted for sugar-sweetened beverages. The starch:cereal fiber model additionally was adjusted for sugar-sweetened beverages and fruit and vegetable fiber. T2D, type 2 diabetes. 2 Test for trend based on variable containing median value for each quintile.
The ratios of starch to total fiber and starch to cereal fiber were also positively associated with the risk of T2D. The multivariate-adjusted RRs of T2D for the highest quintile of intake compared with the lowest were 1.12 (95% CI: 1.02, 1.23; P-trend = 0.03) for starch to total fiber, and 1.39 (95% CI: 1.27, 1.53; P-trend , 0.0001) for starch to cereal fiber. After further adjustment for GI and GL, separately, the association of starch-to-cereal fiber ratio with T2D was not attenuated. Continuously updating diet throughout followup, even after participants developed outcomes such as cardiovascular disease and cancer, did not alter our results (Supplemental Table 2 ). There was no effect modification of the associations between each of the 4 ratios and the risk of T2D by age, BMI, and physical activity. In addition, the association of starch-to-cereal fiber ratio is independent of diabetes risk factors, and the magnitude of association is comparable to that for physical activity and smoking (Supplemental Table 3 ).
In the a priori-determined stratified analysis, we found that there were significant positive associations between intake of starch and starch-to-cereal fiber ratio and risk of T2D in all 8 different subgroups (age ,60 or $60 y; BMI ,28 or $28; family history of diabetes, yes or no; and physical activity ,10 MET-h/wk or $10 MET-h/wk) ( Table 4 ). In addition, there was a significant linear trend among quintiles of intake of both starch and starch-to-cereal fiber ratio and risk of T2D among all these subgroups, except among those with family history of diabetes in which participants at the highest intake of starch had a 22% higher RR of T2D than those at the lowest quintile of intake (95% CI: 1.04, 1.44), but the P value for a linear trend was 0.07. However, there was no significant effect modification by any of these 4 variables on the associations between starch and starchto-cereal fiber intake on risk of T2D.
We looked at the joint effects of carbohydrate and total fiber, carbohydrate and cereal fiber, starch and total fiber, and starch and cereal fiber on the risk of T2D by classifying subjects by both variables (Figure 1) . The multivariate-adjusted RRs of a diet high in carbohydrates and low in total fiber compared with the extreme opposite of that was 1.26 (95% CI: 1.07, 1.48). For a diet high in carbohydrates and low in cereal fiber the RR was 1.23 (95% CI: 1.06, 1.42); for a diet high in starch and low in total fiber the RR was 1.08 (95% CI: 0.95, 1.25); and for a diet high in starch and low in cereal fiber the RR was 1.43 (95% CI: 1.20, 1.75). However, there was no significant interaction between any of these variables, jointly, and risk of T2D (P $ 0.09).
We also examined the association between starch and starchto-cereal fiber ratio and the risk of T2D with the use of spline regression (Figure 2) . Starch had a significant positive association with the risk of T2D (P for nonlinearity = 0.44). However, there seemed to be a nonlinear association between starch-tocereal fiber ratio and risk of T2D (P for nonlinearity = 0.01), in which the association reaches a plateau after a starch-to-cereal fiber ratio of 15.
DISCUSSION
In this large prospective cohort of US women, we found that a higher intake of starch and a lower intake of total, cereal, and fruit fiber were associated with a higher risk of T2D. In addition, all 4 ratios of carbohydrates-or starch-to-total or -cereal fiber were positively associated with risk of T2D, and the strongest association was between starch-to-cereal fiber and risk of T2D, which reflects a diet rich in highly refined and processed grains. RRs and 95% CIs were calculated with the use of the Cox proportional hazards regression model. The analysis was adjusted for age, BMI, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, multivitamin use, race, total energy intake, red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat. Models for starch were additionally adjusted for cereal fiber, sugar-sweetened beverages, and fruits and vegetables. The starch:cereal fiber models were additionally adjusted for sugar-sweetened beverages and fruit and vegetable fiber. MET, metabolic equivalent task; Ref, reference; T2D, type 2 diabetes. 2 Test for trend based on variable containing median value for each quintile.
We did not find an association between total carbohydrate intake and the risk of T2D, consistent with some previous findings (7) (8) (9) (10) (11) (12) . A plausible explanation for this is confounding by healthier subtypes of carbohydrates such as whole grains, fruits, vegetables, and fiber. A marginally significant positive association was observed in the European Prospective into Cancer and Nutrition-Netherlands cohort study after adjusting for potential confounders, including fiber, indicating that carbohydrate quality rather than quantity is more important in developing T2D (13) . Furthermore, consistent with our findings, starch intake was associated with a 25% (95% CI: 1.07, 1.46) higher risk of T2D when comparing extreme quintiles in the European Prospective Investigation into Cancer and Nutrition-Netherlands cohort (13) . Additionally, a study of Australian adults found that for every 100 g of starch consumed, the likelihood of T2D was 1.52 (95% CI: 1.09, 2.11) (11) . However, 4 other cohort studies found no association between starch and T2D (7, 9, 12, 14) , but none adjusted for cereal fiber intake, which is an important confounder, and adjusting for it made the association significant in our study. It should also be noted that starch is an entity that does not allow us to distinguish between amylose and amylopectin, which have differential effects on glycemic responses and may have a different impact on T2D risk.
Our findings are consistent with those of a meta-analysis of 9 prospective cohort studies analyzing fiber by source and risk of T2D, showing that cereal fiber is associated with a 33% (95% CI: 28, 38) lower risk of T2D when comparing extreme quintiles (6) . Yet, unlike our findings, there was no association between fruit or vegetable fiber and T2D risk, with a RR of 0.89 (95% CI: 0.70, 1.13) and 0.93 (95% CI: 0.74, 1.17), respectively, comparing extreme quintiles (6) . This discrepancy could be due to the fact that these studies, including an earlier analysis of the NHS, did not adjust for dietary factors (8, 9, 11, 31, 32) , or for other subtypes of fiber (6, 33) , or were conducted in a younger-age cohort (10) . The lack of an inverse association between vegetable fiber and T2D risk in our study could be due to the food sources of vegetable fiber, including potatoes, white bread, and white rice. These foods, which have been associated with increased glycemia, may have counterbalanced the effects of vegetable fiber.
In the multivariable analysis, the associations between the ratios of carbohydrate or starch to total fiber and risk of T2D were borderline significant. However, the ratios of carbohydrate or starch to cereal fiber were associated with a higher risk of T2D, in which nurses at extreme quintiles of intake had a 27% and 39% higher risk of T2D, respectively, because cereal fiber has a stronger association with T2D risk than total fiber. Individually, none of these nutrients provide an FIGURE 1 RR of T2D by joint effect analysis of carbohydrate or starch and total or cereal fiber intake (cases = 6934, person-years = 1,484,213). Adjusted RR of T2D according to joint classifications of carbohydrates and total fiber (A), carbohydrates and cereal fiber (B), starch and total fiber (C), and starch and cereal fiber (D). The analysis was adjusted for age, BMI, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, multivitamin use, race, total energy intake, red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat. Panel C is additionally adjusted for sugar-sweetened beverages. Panel D is additionally adjusted for sugar-sweetened beverages and fruit and vegetable fiber. RRs were calculated with the use of the Cox proportional hazards regression model. P values for interactions are presented below. T2D, type 2 diabetes. association as strong as the starch-to-cereal fiber ratio, indicating a potential biological interaction between these nutrients that could explain these findings. A high starch-to-cereal fiber ratio identifies highly processed and refined grain products. Several mechanisms could explain the association between the lower ratios and the reduced risk of T2D. Fiber improves postprandial glucose and insulin response by both slowing sugar absorption and causing a bulking effect in the stomach, and both mechanisms delay the rate of hunger return and/or increase duration of satiety, hence reducing energy intake (34, 35) . The benefits of cereal fiber on T2D risk partially could be due to the micronutrients available in cereal fiber-rich foods such as vitamins E and B and magnesium (36, 37) . Nearly 85% of our study population had a carbohydrate-tofiber ratio .10:1 at baseline (Supplemental Figure 1) . This ratio has been proposed for selecting individual foods; therefore, a higher ratio is expected in our cohort, because it measures the carbohydrate content of all foods. Nonetheless, this ratio illustrates the low intake of fiber-rich foods and high intake of refined carbohydrates. Participants consuming diets high in carbohydrates or starch and low in cereal fiber were at higher risk of T2D than participants consuming diets low in carbohydrates or starch and high in cereal fiber. In previous analyses in the NHS, NHS II, and Health Professionals Follow-Up Study, subjects who consumed diets high in GI and low in cereal fiber were also found to be at higher risk of T2D than those who consumed diets low in GI and FIGURE 2 RR of T2D by starch (A) and starch-to-cereal fiber (B) intake with the use of restricted cubic spline regression. (A) P-nonlinear relation = 0.44, and P-linear relation , 0.0001. (B) P-nonlinear relation = 0.01, and P-overall significance of the curve , 0.0001. The analysis was adjusted for age, BMI, family history of diabetes, postmenopausal status, smoking status, alcohol intake, physical activity level, multivitamin use, race, total energy intake, red meat, coffee, magnesium, ratio of polyunsaturated fat to saturated fat, and trans fat. The model for starch was additionally adjusted for cereal fiber, sugarsweetened beverages, and fruits and vegetables. The starch-to-cereal fiber model was additionally adjusted for sugar-sweetened beverages and fruit and vegetable fiber. T2D, type 2 diabetes. high in cereal fiber (8, 10, 31) . The carbohydrate-or starch-to-fiber ratios not only reflect the carbohydrate and fiber content of the food but may also reflect the GI, GL, whole-grain, and micronutrient content of diets. Therefore, eating whole grains and having a low GI is associated with lower carbohydrate-or starch-tofiber ratios and a lower risk of T2D.
Our results remained robust in several sensitivity analyses. Updating diet until end of follow-up only mildly attenuated the results, suggesting that even though participants might have changed their diet after such diagnoses, it mildly affected their T2D risk. Also, further adjusting for hypertension and hypercholesterolemia, 2 independent risk factors of T2D that can be in the causal pathway for T2D development (38) (39) (40) (41) , did not substantially change our results.
The strengths of this study include large sample size, long duration of follow-up, high follow-up rates, large number of T2D cases, and availability of fiber subtypes. In addition, because of the prospective design, any measurement errors in exposure variables were independent of the outcome, and therefore attenuated the association toward the null. To reduce within-person variability and better represent long-term diet, the cumulative average from all available FFQs was used as the exposure variable (17) . To reduce the degree of recall bias from the presence of other relevant chronic disease, all participants with diet-altering chronic diseases were excluded at baseline, and diet intake was not updated when a participant developed a relevant chronic disease during follow-up. There are several limitations to our study. First, all participants were nurses, mainly Caucasian, which increases internal validity but may decrease generalizability to other populations, although it is unlikely the association will be largely different in the general population. Second, this was an observational study, so residual and unmeasured confounding are possible, although we adjusted for all known and potential risk factors of T2D. Third, although exposure variables were measured with the use of validated FFQs, there is some degree of nondifferential misclassification (18) . In addition, FFQs also do not have detailed information regarding the degree of food processing. Finally, the accuracy of the dietary fiber calculations via the USDA food composition tables is uncertain because of the natural variation of foods (42) . The use of biomarkers in nutritional studies should be considered in future research.
In conclusion, starch was positively associated with T2D risk, whereas total, cereal, and fruit fiber were inversely associated with it. Ratios of carbohydrate to cereal fiber, starch to total fiber, and starch to cereal fiber were all positively associated with T2D risk, suggesting the possibility of a biological interaction between these individual variables. The ratios provide a novel way of evaluating the carbohydrate quality of the entire diet, warranting further research with other health endpoints.
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